Second-generation detectors in LIGO will take us from the discovery phase of gravitational-wave observations to the phase of true gravitational-wave astrophysics, with hundreds or thousands of potential sources. This paper surveys the most likely and interesting potential sources for Advanced LIGO, and the astrophysical processes that each one will probe. I conclude that binary inspiral signals are expected, while continuous signals from pulsars are plausible but not guaranteed. Other sources, such as core-collapse bursts, cosmic strings and primordial stochastic backgrounds, are speculative sources for Advanced LIGO, but also potentially the most interesting, since they push the limits of our theoretical knowledge.
Introduction
The Laser Interferometer Gravitational-wave Observatory (LIGO) has now completed its first two scientific data runs: the first (S1) from 23 August to 9 September of 2002, the second (S2) from 14 February to 14 April of 2003. While these two runs are unlikely to produce definitive detections of gravitational waves, they are nonetheless placing new experimental upper limits on the strengths of waves from a variety of sources. Furthermore, the instruments' sensitivities are rapidly approaching their initial baseline specifications, at which point actual gravitational-wave detections become a real possibility.
However, LIGO is more than just a particular set of detectors, with specified sensitivity goals and predetermined search targets. It is an observatory which can house many detectors, upgradeable with time, capable of searching for a wide variety of possible astrophysical sources. The specifications for Initial LIGO are targets for the first generation detectors in LIGO, which have a realistic (but by no means guaranteed) chance of making detections. However, planning and R&D are already underway on advanced second-and third-generation detectors to be placed in the LIGO facilities. With these, detection of gravitational waves becomes a near-certainty, given our current astrophysical understanding. This paper will focus on the sources one might detect and the astrophysics one might do with the secondgeneration detectors (Advanced LIGO), which will come online later this decade.
The paper is organized as follows: Section 2 gives a brief overview of gravitational waves, the instruments (Initial and Advanced LIGO) used to detect them, and some data analysis fundamentals required in order to understand the detection criteria. Section 3 then delves into the most plausible or interesting sources of gravitational waves for Advanced LIGO, and the astrophysical significance of their detection (or their non-detection). Section 4 encapsulates these results, and remarks on the overall significance of Advanced LIGO astrophysics.
Detection of gravitational waves
Gravitational waves arise in any theory that combines gravitation with Einstein's special theory of relativity: when a gravitating system changes its configuration, the effects on its distant gravitational field can propagate no faster than the speed of light. In most theories of gravity, including Einstein's general theory of relativity, the distant field is dominated by a propagating tidal field, representing the differential gravitational field across an extended body or between separated masses (since a uniform field would accelerate all components of the detector together, and hence be undetectable). A time-varying tidal field has dimensions of acceleration per unit separation, or [time]
; integrating twice with respect to time gives a dimensionless quantity h(t), called the tidal strain amplitude, representing the instantaneous fractional change in separation between two free bodies caused by the passage of the gravitational wave.
An interferometric gravitational-wave detector operates by suspending (or, in space, floating) two or more test masses, isolating them from non-gravitational disturbances, and monitoring their separations using laser interferometry. When a gravitational wave of amplitude h(t) passes between two masses separated by a distance L, it will cause timevarying fluctuations in that separation of the form L(t) = Lh(t). For this reason, larger testmass separations are preferred, within the physical and budgetary constraints of the facility. Carefully designed suspension systems are used to isolate the masses from external mechanical forces, and special materials and construction techniques are used for the suspension and test masses, to reduce the effect of thermal fluctuations on the positions of their optical surfaces. The whole system is placed in a hard vacuum to reduce variations in the light path due to scattering from air in the beam path.
Initial and advanced LIGO detectors
The basis for LIGO detectors is two facilities, one in Hanford, WA and the other near Livingston, LA, each with a pair of 4 km long vacuum chambers (arms) positioned at right angles. Each vacuum system is constructed to allow the optical components of various detectors to be inserted and exchanged without breaking vacuum in the main arm beam tubes, and is large enough to house and operate several detectors at once.
The benchmark for initial LIGO is presented in [1] . It calls for 11 kg fused silica test masses at either end of each arm, forming a Fabry-Perot optical cavity that increases the effective arm length. The masses are suspended by steel wires in a four-stage passive seismic isolation system, to reduce the fluctuations due to ground motions. 10 W of laser light is injected into the system, but an internal recycling mirror increases the laser power within the system by a factor of 30. The full Initial LIGO detector array consists of a 4 km interferometer in each of the Hanford and Livingston facilities, and another 2 km interferometer at the Hanford facility. Figure 1 shows the target noise power spectral density for the 4 km interferometers, translated into dimensionless strain units. It is dominated below 40 Hz by the 'seismic wall' cut-off of the seismic isolation system. Between 40 and 150 Hz, it is dominated by thermal fluctuations within the test mass and its suspension. Above 150 Hz it is dominated by shot noise: the quantum limit due to the statistical variations in the number of photons received by the photodetector. This defines a broad frequency window between about 35 Hz and 2000 Hz to which the instrument is sensitive, with a peak sensitivity to instantaneous gravitational-wave strain amplitude of ∼3 × 10 −22 in a ∼150 Hz bandwidth about 150 Hz. Initial LIGO detectors are anticipated to reach their design sensitivity by 2004, after which they will commence a 2 year data run aimed at collecting at least 1 year of integrated high-sensitivity data. However, as I will show in later sections, there is a distinct possibility that no astrophysical sources will be detected at that sensitivity level, making improvements in sensitivity a high priority. Second-generation detectors are proposed to be placed into LIGO around 2007, and commissioned through 2008, with the goal of achieving their planned sensitivity around 2009.
The planned upgrades for Advanced LIGO detectors are given in [2, 3] , and can be summarized as follows. The 11 kg silica test masses will be replaced with 40 kg crystalline aluminium oxide (sapphire), and the steel suspension wires will be replaced with fused-silica ribbons. The higher mechanical quality factor of these materials will reduce thermal noise at all but a few resonant frequencies. An active seismic isolation system will be used to push back the seismic wall. The input laser power will be increased from 10 W to 125 W, reducing shot noise by increasing the laser power in the interferometer. Finally, an additional signalrecycling mirror will be added [4] , changing the optical system from a simple interferometer to a tunable optical-mechanical resonator (using correlations between shot noise and mechanical noise due to laser light pressure to reduce the effects of each at some frequencies [5, 6] ). The normal sensitivity curve for Advanced LIGO detectors assumes a broadband response, with slightly reduced shot noise at high frequencies, but still dominated by other noise sources at low frequencies. However, by changing the position and reflectivity of the signal-recycling mirror, the instrument can be tuned to have much lower shot noise in a specific narrow band, in exchange for higher combined light-pressure/shot noise at other frequencies.
Advanced LIGO plans currently call for three full 4 km interferometers (two at Hanford, and one at Livingston). Figure 1 shows their target noise power spectral density in dimensionless strain units. The current specification does not explicitly place the seismic wall, but anticipates that it will not dominate the noise curve within a few orders of magnitude of peak sensitivity: I have shown it here at the canonical value of 10 Hz, where it will contribute at about the same level as 'gravity gradient' noise (gravitational coupling to ground motions [7] ). Between this and about 60 Hz, the noise for the broadband configuration is dominated by light-pressure noise, while in the 'sweet spot' of the detector (60-300 Hz) it is a balance between test-mass thermal noise and combined light-pressure/shot noise. Above 300 Hz sensitivity is dominated by shot noise. Also shown is a locus of the points of maximum sensitivity from various narrow-band configurations, which would be useful for targeting specific sources or astrophysical signatures at a particular frequency. The typical sensitivity to instantaneous strain in the 'sweet spot' is about 3 × 10 −23 : an order of magnitude better than Initial LIGO. Note that for homogeneously distributed sources, this is a thousand-fold increase in the number of sources detectable! Beyond the second-generation detectors, there are many possible improvements for latergeneration detectors at the LIGO facilities, including larger test masses, higher laser powers, refrigeration schemes to reduce thermal noise and even the injection of 'squeezed' quantum states of the electromagnetic field to reduce shot noise. However, these detectors are beyond the scope of this paper.
Detection strategies
A multitude of gravitational signals are expected to lie buried in the detector noise-a particular signal becomes interesting when it is sufficiently strong, and an analysis method exists, to distinguish its contribution from the instrumental background. Many search methods are based on matched filtering techniques: to detect a specific template waveform x(t) (normalized to an arbitrary scaling constant) in the detector output o(t), one constructs the statistic:
whereõ(f ) andx(f ) are the Fourier transforms of o(t) and x(t), S n (f ) is the noise power spectral density, * denotes complex conjugation and Re denotes taking the real part. The signal is said to be detected if it raises the value of the statistic above some threshold: the threshold is set by requiring that instrumental noise alone have less than some specified probability of exceeding the threshold. For stationary, Gaussian noise this filter is a maximum likelihood signal estimator, and thus optimal in the Neyman-Pearson sense: for a given false alarm probability (in the complete absence of a signal), it maximizes the probability of detecting a signal of a given amplitude, or equivalently, minimizes the required amplitude for a signal to have a given chance of being detected.
Normally the detection statistic is normalized to have a variance of 1, in which case it is called the matched-filtering signal-to-noise ratio (SNR):
where · · · denotes an expectation value over instantiations of the noise. In the absence of any signal, the signal-to-noise ratio has an expectation value of SNR = 0, whereas in the presence of an actual signal h(t) ∝ x(t) it has an expectation value of
Of course, real detectors rarely have pure Gaussian noise, and real astrophysical sources often do not have precisely known waveforms, so the matched-filtering SNR statistic is often not used, or, if it is used, it is not truly optimal, and must be augmented by secondary tests and vetoes. Nonetheless it is a useful standard of reference for other search strategies, which often quote their sensitivity in terms of the fraction of the matched SNR that they recover, or, equivalently, how their final detection thresholds translate into a threshold SNR on the matched SNR.
Sources of gravitational waves
In this section I take a look at possible sources of gravitational waves for Advanced LIGO, attempting to strike some balance between the likeliness that such sources exist and can be detected, versus the astrophysical interest that such a detection would generate. I will follow the general trend within the LIGO data analysis community of categorizing the sources as inspiral, burst, continuous and stochastic sources.
Inspiral sources
Compact binary systems, where each component is either a neutron star (NS) or stellar-mass black hole (BH), will dissipate orbital energy in the form of gravitational waves. This will cause them to spiral together, and generate a characteristic 'chirp' of gravitational waves in the LIGO frequency band.
Inspirals are often considered the prototype source for LIGO detectors, and with some justification, since they will likely be the first gravitational-wave sources detected by LIGO. (It is also worth noting that they are also currently the strongest indirect astrophysical evidence for gravitational waves, in the form of the Hulse-Taylor binary pulsar [8, 9] ).
Low-mass compact binaries (such as NS-NS binaries) are the simplest systems to analyse: since they coalesce well above the LIGO frequency band, their waveforms within the LIGO band can be easily modelled using post-Newtonian expansion techniques. The waveform depends explicitly on only two parameters-the masses of the two objects-and implicitly on the time and orbital phase when the system is at some canonical frequency. Higher-mass systems, when one or both companions are black holes, can be trickier: orbital velocities can approach the speed of light while the orbital frequency is still in the LIGO band, invalidating many simple approximate modelling techniques, and introducing modulations that depend on the spin and orientation of the companions (not just their masses). However, these issues are being actively investigated, and there is good hope that the final analysis scheme for inspiral sources will achieve something close to matched-filter sensitivities.
The optimal statistic for inspirals (or other short-duration bursts with a known waveform) is the ρ-statistic, defined by
This is the same as the matched filter in equation (1), except that the root-squared modulus implicitly maximizes over arbitrary orbital phase, and a Fourier transform can be used to search cheaply over arbitrary time offsets t. Only the astrophysical parameters λ (representing system masses, spins, etc) require explicitly distinct waveform templatesx(f ). In Gaussian noise, the ρ-statistic at each instant of time is distributed as a χ 2 distribution with two degrees of freedom (representing the fact that the squared modulus effectively combines two independent linear filters). The output is strongly correlated on timescales shorter than about 0.005 s (due to the 200 Hz cut-off in S n ), so a year's observation will correspond to ∼10 10 independent samples of this distribution. Searching over the explicit parameters λ will increase this by a further factor, perhaps ∼1000. From this one could estimate an appropriate threshold; however, in practice, non-stationarity and non-Gaussianity of the detector noise will be the determining factor. While these effects have been extensively studied in the current science runs, it is not known how much this will carry over into the Advanced LIGO detectors. Instead, a canonical value of ρ thresh ≈ 8 is normally assumed for theoretical analyses.
A recent paper [10] has calculated the expected event rates for detectable NS-NS, NS-BH and BH-BH inspiral events, assuming that Advanced LIGO can detect optimally oriented NS-NS systems out to a distance of 350 Mpc. In fact, the specified noise curve for advanced LIGO will only detect optimally oriented NS-NS binaries out to 190 Mpc with ρ > 8, so the event rates should be reduced by about 6.3 (since ρ ∝ distance −1 and rates go as distance 3 for a homogeneous distribution). Thus we expect the following event rates for Advanced LIGO:
• NS-NS: 0.1-60 (∼10) events per year.
• NS-BH: 1.5-60 (∼13) events per year.
• BH-BH: 0-1300 (∼500) events per year.
The range is over all population models considered in [10] , while the number in parentheses is for their 'standard' model. Equivalently, one can say that the expected detectability of the largest event in a year will be ∼2 for NS-NS and NS-BH binaries and ∼8 for BH-BH binaries. This is plotted in figure 2 .
In addition to providing possibly the first confirmed detections of gravitational waves, studies of the signals from inspiral sources will have many astrophysical pay-offs. First, a significant detection rate for any of these sources will place important constraints on binary population synthesis models such as the ones in [10] , helping us to understand the processes at work in massive binary systems. On the other hand, non-detection of any of these sources would indicate that even our most conservative theories of binary evolution or gravitational-wave generation are wrong, which would arguably be an even more significant (though uncomfortable) discovery.
For NS-NS binaries, a merger is expected to produce a flare of electromagnetic radiation (possibly a gamma-ray burst [11] ) that could be detectable by other types of detector: a recent study [12] has shown that a network of Advanced LIGO detectors could resolve the position of a NS-NS inspiral well enough to provide pointing information to optical telescopes, allowing prompt detection of an optical counterpart. This would be a useful 'standard candle', since inspiral waveforms provide precise and unambiguous distance information.
For NS-BH binaries, if the BH is small enough or spinning rapidly enough, the NS component might be tidally disrupted before it plunges into the BH. This could produce a cut-off in the gravitational-wave signal that is detectable by a narrow-band Advanced LIGO detector [13] . Measuring the disruption frequency would provide important information on NS compactness and the nuclear equation of state.
Finally, BH-BH binaries of ∼20M total mass would merge at frequencies ∼200 Hz, right in the 'sweet spot' of Advanced LIGO detectors, and could be among the strongest sources seen. High-SNR detections would allow one to make precise measurements of the behaviour of spacetime at its breaking point, testing the predictions of general relativity in systems consisting of nothing but gravity. Figure 2 illustrates the detectability of various inspiral sources. While the usual convention (e.g., in [14] ) is to define a characteristic amplitude h c (f ) for a given type of source, and compare it with a threshold h n (f ) that depends on the noise and the data analysis technique, I adopt here a different approach: I define a dimensionless function of the noise alone,
, and define a signal amplitude h s (f ) = 2f |h(f )|/ √ SNR thresh that is reduced by the threshold level for the data analysis method used to detect that signal. This has the advantage that many different source types can be compared together against the same noise curve to determine their relative detectability, which can be written as
This should be interpreted as follows: if the detectability is 1 (e.g., if h s (f ) h n (f ) over an e-folding in frequency), then the source has at least a 50% chance of being detected: the expectation value of its SNR exceeds the threshold. However, if the detectability is <1 (e.g., if h s (f ) does not exceed h n (f ) over any significant frequency range), then the source is less than likely to be detected.
Burst sources
In the broadest sense, bursts are signals whose duration in the LIGO band is much shorter than the uptime of the detector-a definition that encompasses inspirals (above). However, the term is often used more restrictively to refer to non-inspiral short-duration signals, in particular the wide variety of sources for which one does not have an exact waveform or close approximation.
Determining the detectability of unmodelled or poorly modelled bursts is tricky, since the optimal detection scheme depends on exactly what one does know about the source. At one extreme, if one has an exact waveform, one can extract the optimal signal-to-noise power SNR matched . At the other extreme, if one has no knowledge of the signal's spectrum and looks simply for an excess in the (whitened) time series, one extracts a much lower signal-to-noise power SNR instant ∼ SNR matched /N cyc , where N cyc is the number of wave cycles that the signal spends within the sensitivity band.
In between these two extremes there are a number of proposed techniques for dealing with various types and degrees of knowledge about the signal, most employing some form of time-frequency analysis. A simple example is the excess power statistic described in [15] , which is the optimal statistic when one's prior knowledge of the waveform consists of a typical frequency bandwidth f and signal duration t. The method is simply to apply the appropriate time window and bandpass to the signal for all time offsets (and frequency shifts) of interest, compute the total Fourier power and compare with a threshold based on the desired false alarm rate. It can be shown that this statistic does worse than a matched filter power by roughly the square root of the time-frequency volume, √ f t . For broadband sources (including all the sources in this section) we have f ∼ f , so SNR power ∼ SNR matched / N cyc , placing this statistic squarely between the best and worst cases above. I will use this as the criterion for estimating the detectability of multiple-cycle bursts with unknown waveforms, but it should be recognized that detectability can certainly increase as astrophysical models improve.
The most commonly cited sources for bursts, even from the early days of gravitationalwave experiments, are a variety of stellar core collapse mechanisms. These have been surveyed recently in [16] , which discusses three types of burst that can broadly be said to fall under the heading of core collapses: the formation of a neutron star in a type II supernova, the similar formation of a neutron star in the accretion-induced collapse of a white dwarf and the condensation of the core of ultra-massive 'population III' stars in the early universe.
Core-collapse (type II) supernovae are an obvious candidate for gravitational waves, since they are relatively common (typically 1-2 per century for Milky Way-type galaxies), and the gravitational energies involved would be easily detected by LIGO detectors-if they were emitted as gravitational waves! However, gravitational-wave emission requires nonaxisymmetric (quadrupolar or higher) bulk mass motions, and most models of core-collapse are rather symmetric. However, if the progenitor is rotating, the collapsed core may end up rotating extremely rapidly, and its bar mode (l = m = 2 multipole mode) may be secularly or dynamically unstable. The remnant will distort into a rotating bar, emitting copious amounts of gravitational radiation. In [16] , gravitational-wave amplitudes are computed for several cases, assuming different proportions of the remnant mass participate in the bar mode. It is uncertain exactly how long a coherent bar mode will last; in this paper, I optimistically assume ∼100 cycles, but pessimistically assume that a matched filter will not be available and that time-frequency analysis methods must be used (equivalent to assuming a 10-cycle coherent matched filter).
Another core-collapse source proposed in [16] is the formation of a collapsar from an ultra-massive (∼300M ) star in the early universe. Unlike later generation stars, whose metallicity leads to strong stellar winds that limit their pre-collapse mass, first-generation stars might retain most of their mass to the end of their lives. These sources are highly speculative, and ordinary bar-mode instabilities during collapse would not yield signals strong enough to be detected. However, if the collapsing core were to fragment during collapse, the signals could be larger, approaching detectable levels.
Two other core-collapse gravitational-wave emission mechanisms are the accretioninduced collapse of white dwarfs, and unstable Rossby modes (r-modes) in hot new-born neutron stars. However, the former are expected to be much rarer (and hence weaker) than type II supernovae, while recent work [17] suggests that r-modes are dampened by strangequark interactions (hyperons) in their core. Thus neither of these is currently expected to be a significant source for Advanced LIGO.
Another type of burst source that has been proposed recently is gravitational waves emitted by cusps or kinks in a (hypothetical) network of cosmic strings, formed in the early universe [18] . Unlike previous proposed models of gravitational waves from collapsing string loops, these waves are beamed into a cone (for cusps) or fan (for kinks), enhancing the received signal if the earth happens to lie within the beam. The 'waveform' is simply a power-law pulse, with h s (f ) ∼ f −1/3 (cusps) or f −2/3 (kinks), cut off at some frequency that depends on how close the detector is to the centre of the beam. While the existence of this source is rather speculative, cusp waves in particular could achieve very high amplitudes, depending on the values of the model parameters. For the best reasonable parameters, SNRs of 20 or so are possible on a yearly basis. If these waves are detected, they will confirm the existence and measure or constrain the parameters of a cosmic string network, which would give profound insight into the cosmological phase transitions that spawn cosmic strings. Figure 3 illustrates the detectability of potential burst sources, in a manner similar to inspirals (figure 2). For cosmic string cusps, the wave model is treated as exact, up to an arbitrary time shift and frequency cut-off. As with inspirals, a canonical SNR threshold of 8 is presumed (although actual data analyses may end up using slightly lower thresholds for cusps, due to the smaller parameter space). For core collapse and core fragmentation bursts, the SNR threshold is further increased by N cyc for some presumed time-frequency method.
Continuous sources
A continuous gravitational wave refers to any signal that remains in the LIGO band for periods much longer than the time over which we can observe them. Usually this implies a very stable, nearly constant emission frequency. The only known astrophysical objects with strong gravity and stable characteristic periods in the 10-1000 Hz range are neutron stars, and all proposed mechanisms of continuous-wave generation for LIGO involve spinning neutron stars ('gravitational pulsars').
One of the good things about these sources is that they are known to exist: many radio pulsars have been observed with either spin frequencies or their first harmonics in the LIGO band. Any non-axisymmetry = |I xx − I yy |/I zz of the neutron star (where I ij is the momentum tensor of the star and z is the spin axis) will cause it to emit gravitational waves, primarily at a frequency f 0 equal to twice the spin frequency. The data analysis technique for a known pulsar is relatively simple, since radio timing and position information provides an accurate template for the phase evolution of the wave. The maximum likelihood statistic for these waveforms is called the F-statistic, described in [19] . Like the ρ-statistic, it implicitly maximizes over the (arbitrary) wave phase. However, for signals lasting days or more, the polarization of the wave interacts non-trivially with the rotating beam pattern of the detector, leading to two more implicit search parameters: the inclination and orientation of the spin axis. The F-statistic is ultimately a combination of four independent linear filters, and is distributed (in Gaussian noise) as a χ 2 with four degrees of freedom. In the presence of a signal h(t) = h 0 sin(2πf 0 t), the expected value of F goes as dth 2 
, where T is the total observation time. Thus the detectability of known pulsars is ultimately limited by the uptime of the instrument. The characteristic signal amplitude can be written as
where F thresh ≈ 13 is required for a 1% false-alarm probability. When searching for an unknown source, the F-statistic acquires a number of additional explicit search parameters: the two coordinates defining the sky position of the source (which influence the waveform through the time-varying Doppler modulation due to the detector's motion), the frequency of the source and usually one or more Taylor coefficients describing the unknown spin evolution. The frequency parameter can be searched cheaply by a fast Fourier transform (analogous to the search over time offsets for inspirals). However, the other parameters must be searched explicitly, and with exquisite precision, in order to assure that the 'matched' template differs from the true signal by <1 wave cycle out of ∼10 10 in a 1 year observation. For a broadband broad-area search such an analysis is computationally prohibitive, and semicoherent time-frequency methods must be adopted. This is discussed in detail in [20] , where it is estimated that SNR thresholds within a factor of 7 of an optimal 4 month integration are possible. This is the threshold assumed when discussing the detectability of unknown sources.
While pulsars have the advantage that some are known to exist in the LIGO band, they have the disadvantage that there is no clear prediction of their gravitational-wave amplitude. As with core collapses, the main issue is not one of energetics but of symmetry. Most known pulsars are gradually spinning down, indicating an energy and angular momentum loss which, if it were due to gravitational radiation, would yield dozens of detectable sources for Advanced LIGO. However, there are no definitive mechanisms for producing the asymmetric mass distributions required to generate such wave amplitudes, and the spindown is conventionally assumed to be (primarily) magnetic braking. Although the crust of a neutron star is thought to be a solid with a breaking strain possibly as high as 10 −1 (though more likely 10 −2 -10 −3 ), it represents only a small portion of the neutron star mass: the largest ellipticity expected from crustal 'mountains' is ∼ 10 −5 [21] . This is sufficient to provide the observed spindown of only a few of the observed pulsars, indicating that other mechanisms are required. A neutron star with a solid core could yield a larger , but conventional nuclear physics does not predict such a phase. Higher ellipticities might be possible if the star contains a strong magnetic field trapped below its surface [22] . Nonetheless, if we constrain gravitational-wave amplitudes by the observed energy loss or by < 10 −5 (whichever is more restrictive), then there are still a few known pulsars that could be detected by Advanced LIGO. Such a detection would provide a measurement of these mechanisms, while a non-detection would produce astrophysically interesting constraints.
Another potential source of gravitational waves are emissions from low-mass x-ray binaries (LMXBs), believed in most cases to be neutron stars accreting matter from a companion. It was pointed out [23] that the observed neutron star spin frequencies clustered in the range of 150-300 Hz, well below the break-up speed, suggesting that some mechanism was shedding angular momentum as fast as it was accreting. If the mechanism were gravitational waves, then the objects would be readily detectable by Advanced LIGO. Detecting these sources would be more difficult than for known pulsars, since they lack accurate timing information: the analysis method would need to model the stochastic spin evolution of the accreting body, but would not need to search over sky position, and could ultimately achieve a SNR within a factor of 2.5 of SNR matched for a 4 month integration. This would make the brightest source, Sco X-1, marginally detectable by the broadband Advanced LIGO detectors, and easily detectable by a suitably narrowband detector.
Still, the question remains as to what drives the non-axisymmetry required for gravitational-wave emission. The proposed mechanism in [23] was a composition gradient created by heating from the accretion flow, but it is not clear whether this could produce a sufficiently large . Another possibility is that gravitational radiation reaction could drive an unstable mode of the neutron star, most likely the r-mode [24] [25] [26] [27] , mentioned in section 3.2, which would cause gravitational emissions at 4/3 the spin frequency. However, stable gravitational-wave emission would require a particular form for the neutron fluid viscosity: not too large (which would damp the mode entirely), nor decreasing with temperature (which would allow the mode to grow out of control, shedding most of the star's angular momentum over the course of a year [28] ). Normal models of neutronium shear viscosity do not satisfy these conditions; the same hyperon viscosity that damps out r-modes in young hot neutron stars could provide the rising viscosity in cooler neutron stars needed for steady emission [29] . Finally, recent LMXB spin measurements suggest that some neutron stars spin significantly faster than 300 Hz [30] , reducing the significance of the spin clustering and perhaps undermining the argument for the existence of these sources. This needs to be studied further.
A final class of continuous gravitational signals are waves from an unknown, previously undetected population of neutron stars whose spindown is dominated by gravitational radiation. The objects would have to be rapidly spinning, and also relatively young, since interesting levels of gravitational radiation will drive their spins down out of the LIGO band on relatively short timescales. Blandford [14, 31] has estimated an upper limit on the waves from such sources: for a neutron star with some non-axisymmetry emitting gravitational waves at a frequency f 0 , one can derive the gravitational-wave amplitude h 0 ∝ f 2 0 /d (where d is its distance) and its spindown rateḟ ∝ f 7 2 . This gives h 0 ∝ r −1 τ −0.5 , where τ = f 0 /ḟ is the spindown timescale (the time that it spends in the vicinity of f 0 ). If such sources are born in our galaxy at a rate B, then the number of sources in the vicinity of f 0 is ∼Bτ , and the nearest source to it will be at a distance d ∼ R/ √ Bτ , where R ∼ 10 kpc is the radius of the galactic disk. This gives the loudest h 0 ∝ √ B, independent of f 0 or : if typical values of are low, then the stars will take longer to pass through the LIGO band, and the loudest source at any time will be closer.
In figure 4 I show the locus of amplitudes expected for a birthrate of 1/100 year; this should be considered an upper limit, since pulsars may be spun down by forces other than gravitational radiation. (However, the assertion that other forces likely dominate the spindown is based on electromagnetically observed neutron stars, which may introduce a selection effect.) Again, the exact wave-generating mechanism is unknown. Unstable r-modes were once popular, but now seem less likely, for reasons described in section 3.2. Spin precession due to a misalignment between the angular momentum and inertia tensor is another possibility [14, 32] , and would produce a characteristically modulated signal; once again, though, more recent work [33] suggests that internal dissipation prevents this from producing interesting levels of gravitational radiation. As for known pulsars, structural ellipticities due to crustal mountains or submerged magnetic fields could also provide the required asymmetry. A gravitational-wave detection would likely be able to determine the emission mechanism. It would also be the beginning of a survey of the electromagnetically dark neutron star population, which could well outnumber conventional pulsars. Figure 4 illustrates the detectability of potential continuous sources by plotting h s (f ) and h n (f ), as for bursts and inspirals earlier. For known pulsars I plot h s (f 0 ) = h 0 √ f 0 T /F thresh , with T = 1 year, F thresh = 13 and f 0 equal to twice the spin frequency; h 0 is estimated either from the spindown rate or by setting = 10 −5 . For LMXBs and young neutron stars, detectability is reduced according to the estimates in [20] .
Stochastic sources
Stochastic gravitational waves are generated by multiple unresolved incoherent emitters. For astrophysical sources we expect the emissions to be stationary on human timescales; if the number of unresolved sources is large, then the signal statistics will be Gaussian, due to the central limit theorem. If we further assume that the signal is isotropic and unpolarized (as most proposed sources are), then the signal is completely characterized by its power spectral density S h (f ), or, more conventionally, by its logarithmic energy density normalized by the energy density ρ crit required to close the universe:
where H 0 is the present day Hubble constant. Since H 0 is not known precisely, one normally writes it as H 0 = h 100 (100 km s
Hz), and works with the quantity h 2 100 gw . In a single detector, a stationary Gaussian stochastic signal is indistinguishable from an instrumental background, unless one has extremely accurate characterization of the instrumental noise. Our best hope of detection is to cross-correlate the output of two detectors that have uncorrelated instrumental noise. Since at least some component of the astrophysical signal will be common to the two detectors, after sufficiently long integration, the crosscorrelation will show deviations from what one would expect based on the random overlap of individual detector noises. The optimal detection statistic (analogous to a matched filter for deterministic signals) is [34] :
where subscripts 1 and 2 label the two detectors, and γ (f ) is the overlap reduction function measuring the expected correlation of isotropic gravitational waves in the two detectors: it is 1 for aligned detectors at the same location, <1 for misaligned detectors and drops to 0 for frequencies much larger than the inverse light travel time between the two detectors.
Normalizing by the expected variance due to noise alone, we obtain the following expectation value for the SNR in the presence of a stochastic signal:
where T is the correlation time and
is the (geometric) average noise. In Gaussian noise this statistic is Gaussian distributed with unit variance, so a 1% false alarm rate requires SNR thresh = 2.58, which gives us a detectability measure:
where h n (f ) = √ f S n (f ) as before, and
It should be interpreted similarly to the detectability defined in equation (5) .
Having established a criterion for detectability, the question then is whether any stochastic sources are in fact detectable. Of the four classes of gravitational wave sources, stochastic sources are the most speculative. The only strict theoretical upper limit within the LIGO band is that imposed by nucleosynthesis. The primordial distribution of elements places strict constraints on the rate of expansion of the universe during the period of nucleosynthesis, which translates into a limit on the total energy density in gravitational waves above frequencies of 10 −8 Hz: h The closest thing to a theoretically assured stochastic gravitational-wave source is primordial gravitational waves: zero-point fluctuations from the Planck era, amplified by inflation: the gravitational analogue of the cosmic microwave background. However, while the microwave background directly reveals only physics at the time when the universe became transparent to electromagnetic radiation, the universe has always been transparent to gravitational waves. Primordial gravitational waves are thus direct probes of the inflationary epoch and the initial Planck-scale singularity, and can even transmit information from a pre-Big-Bang collapsing universe in 'bounce' cosmologies [35] [36] [37] . Unfortunately, the most straightforward models of inflationary amplification [38, 39] yield a flat spectrum in h 2 100 gw (f > 3 × 10 −16 Hz), constrained at its lower end by microwave background observations to a value less than 10 −14 . This is far below the noise floor of Advanced LIGO. Nonetheless, cosmological models are highly tunable. With pre-Big-Bang cosmologies based on string theory, or with exotic field theories in which the universe was dominated for a time by energy fields with an ultra-stiff equation of state ('quintessence') [40] , one can construct primordial spectra with a rising power law for gw (f ). The microwave background constraint becomes irrelevant, but one must tune the model parameters to ensure that the spectrum does not violate the nucleosynthesis upper limit (by causing the spectrum to conveniently flatten at or around LIGO frequencies). One such model from [41] is shown in figure 5 . While such levels of detectability require a certain generosity on the part of nature, the consequences of a detection are profound: a direct measurement of the physics of the very early universe, back to the very instant of the Big Bang-and possibly beyond.
These and other mechanisms for stochastic signals are reviewed in [42] , including sources such as phase transitions, collapsing cosmic string loops and more mundane astrophysical backgrounds such as unresolved supernovae or rotating neutron stars. However, the first two are either too weak or too low in frequency to be important for Advanced LIGO, while supernovae are too rare to form a stochastic background, and neutron star backgrounds are generally too weak (requiring either strongly nonlinear r-modes or unphysically large values of to be detectable).
However, one more recent source has been proposed [18] : a background of unresolved bursts from the cosmic string cusps and kinks discussed in section 3.2. As stated there, these sources are rather speculative, and few would be surprised if they were not detected. However, there remains a real chance that they could be detected, which would provide significant information about high-energy physics in the early universe. Figure 5 illustrates the detectability of potential stochastic sources by plotting h s (f ) and h n (f ), as defined earlier in this section, for a 1 year cross-correlation. For each source, two lines are drawn: one assuming cross-correlation between co-located Advanced LIGO detectors (e.g., the two Hanford detectors), the other assuming cross-correlation between detectors at Hanford and Livingston. The latter show a characteristic cut-off around 60 Hz, corresponding to the behaviour of γ (f ), but should be considered the more realistic curves for signal detection: one would be unlikely to trust a 'detection' of stochastic gravitational waves from two detectors at the same site, due to the possibility of correlated instrumental noise.
However, the two Hanford detectors could still be used to set upper limits on higher-frequency stochastic signals; any correlated instrumental noise would simply worsen the upper limit that one could claim.
Conclusions
The second generation of detectors planned for LIGO is an ambitious follow-on to the firstgeneration detectors currently being commissioned at the LIGO facilities. With at least an order of magnitude improvement in peak sensitivity to most signals (or a thousand-fold increase in the number of detectable sources), Advanced LIGO detectors are expected to see a large number of sources of various types. With multiple high-SNR detections, Advanced LIGO will move us beyond the discovery phase of gravitational-wave observations, into the era of true gravitational-wave astrophysics.
Of the various sources proposed for LIGO, the most reliable candidates are signals from the inspiral of two compact stars (neutron stars or black holes). These are expected sources for Advanced LIGO: that is, even conservative theories predict a significant event rate. Nondetection would be a huge surprise, and a significant observation in itself! In the more likely case, hundreds of signals would be detected each year, some with very high SNRs. These observations would constrain population models, and allow us to probe the structure of nuclear matter (for neutron stars) or of pure spacetime (for black holes) in the strongly relativistic regime.
By contrast, the continuous signals from various classes of rotating neutron stars (known pulsars, x-ray binaries or undiscovered young stars with gravitational-wave driven spindown) are plausible sources for Advanced LIGO: the objects themselves are known to exist and have theoretical gravitational-wave upper limits that are readily detectable, and have believable but uncertain mechanisms for approaching these limits. Gravitational-wave observations of known neutron stars or x-ray binaries would confirm the existence of one or more of these mechanisms, and provide insight into the dynamics of these bodies. Observations of electromagnetically quiet neutron stars would allow us to begin surveying and studying this population, believed to constitute a majority of neutron stars. On the other hand, non-detection is also quite possible, but even that would place important constraints on certain population or structural models of neutron stars.
The remaining sources discussed in this paper are deemed to be speculative, and nondetection would come as no great surprise. For the various core-collapse burst signals, this is because the models for gravitational-wave generation are still uncertain, and produce signals only on the margins of detectability, although the objects themselves are known to exist. For cosmic-string cusp bursts and all stochastic sources, the sources themselves are rather speculative, and require finely tuned model parameters in order to produce detectable signals. However, this makes the possibility of detection all the more exciting, since they are unexpected, and since they probe the structure and evolution of the early universe in a regime that is inaccessible to other astrophysical observations.
The speculative sources represent the current borders of our reasoned imagination, which has been shaped largely by our electromagnetic observations of the universe. Even within the electromagnetic spectrum, we have found that each new window (radio, infrared, x-ray and γ -ray) has been dominated by sources that were not predicted except by the most speculative theories of the time. We should expect no less when opening an entirely new spectrum for observation. The speculative sources may ultimately be typical of the signals we detect: while cosmic strings and pre-Big-Bang backgrounds may not be observed, we can anticipate the discovery of unexpected sources that are no less exciting, inspiring new theories that are no less far-fetched. Within this decade, the gravitational-wave window will be opened, and a new era of astronomy will begin.
